Geologists routinely use sample data (descriptive, qualitative, quantitative) to characterize a hierarchy of larger geologic features that each have their own independent attributes, use physical relationships between geologic features to establish their relative ages, combine this information with dated features to understand evolutionary histories of study areas at various scales, and produce maps to display such information in space and time relative to other features of interest. This paper demonstrates how we integrated such routine geologic functions into an existing igneous rock relational database designed to store, organize, update, query, and retrieve sample data that have well-defi ned locations. The resulting igneous rock database is utilized to capture information on Neogene bimodal igneous rocks in northern Nevada and the eastern Great Basin Province. The database is a useful tool that facilitates queries to generate geographical information system displays and petrologic plots that elucidate the time-space-composition relationships of volcanic centers to one another and to geophysical anomalies, structural features, and mineral deposits.
INTRODUCTION
Now that GIS is fully implemented for Windows-based software platforms on personal computers and has interoperability with relational databases, a new realm for data investigation, display, and analysis is available to earth scientists. GIS enables data to be input, managed (in a database management system), analyzed, and output as derivative maps and tables. The relational database enables data retrieval between logically designed tables that are linked through a common relational join item such as a unique sample-identifi cation or featureidentifi cation. Relational database functionality permits users to construct Structured Query Language (SQL) queries that retrieve data from linked tables in organized ways for analysis and display in GIS software.
User-friendly relational databases that store information specifi c to igneous rocks are relatively new. Web-based portals can now access solid earth geochemical data and visualization tools for igneous rocks (Walker et al., 2004; Lehnert et al., 2003) . GEOROC, PetDB, and NAVDAT that are part of the EarthChem webbased portal (Lehnert et al., 2003) , in particular, utilize a relational database schema that facilitates query and retrieval of geochemical data on samples. Lehnert et al.'s (2000) database structure is very robust for managing geochemical sample level data; therefore we build upon much of their schema in our database. As earth scientists continue to link GIS systems and other applications to igneous rock or other geologic databases, either directly from individual PC's or via internet resources such as the western North American volcanic rock database NAVDAT, http://navdat.kgs.ku.edu/ (Walker et al., 2004) or the EARTHCHEM portal, http://www.earthchem .org/ (Lehnert et al., 2003) , there is a need to implement data structures that permit geologists to use these resources in an effi cient and logical manner to address a geologic question or problem that utilizes fundamental geologic principles.
Geologists commonly approach a geologic problem from multiple scales of observation using all available data sources pertaining to features having various ages, composition, and geographic distribution. In order to investigate a geologic question, Earth scientists commonly require ready access to (a) the total number and types of geochemical information available for a magmatic center or unit, aiding in the identifi cation of data-rich areas and areas that have data gaps, (b) isotopic and relative age information, as well as the best or highest precision ages available, (c) geochemical data on major-, trace-, and rare-earth-element concentrations for analysis in petrologic discrimination and classifi cation diagrams, (d) isotopic data that can be used for interpreting magma genesis, crustal assimilation, and differentiation processes, among other petrologic issues, and (e) a map, or GIS, that can be used to place geologic features of multiple scale in geographic context. Thus we designed our database with all the aforementioned data types in mind, and we constructed it in a way that would facilitate queries on samples as well as progressively larger igneous features such as units, centers, fi elds, and provinces, or geo- graphic areas of interest (geo-hierarchy of Yager and Hofstra, 2004) .
Our database is able to store and manipulate the multiple data types discussed above such as physical hierarchy-of-scale, relative and absolute ages, geochemical analyses, rock modes, scanned cross sections, maps, and images from the province to inclusion level of observation. To manage the physical hierarchy of scale, our schema uses a nested set approach similar to Celko (2004) , where the largest size features can have multiple, nested, smaller size features in the hierarchy (Fig. 1) . In addition, we provide database placeholders to capture expert knowledge regarding fundamental geologic fi eld relationships and interpretations useful for determining relative ages of features when absolute ages are unknown or uncertain.
The resulting GIS-linked relational database is used to compile and organize information for the bimodal (basalt-rhyolite) igneous suite of rocks in a large area of northern Nevada that also contains broadly coeval low sulfi dation Au-Ag deposits ( Fig. 2) (John, 2001; Leavitt et al., 2004) . We have also imported geochemical data for the eastern Great Basin Province that we compare to northern Nevada data in the Database Applications section below. In northern Nevada, bimodal igneous rocks with minor intermediate composition rocks are thought to be related to the Yellowstone Hot Spot and were deposited between 17 Ma and the Holocene (LeMasurier, 1968; Christiansen and Yeats, 1992; Wallace, 1993; Ludington et al., 1996; John, 2001; John et al., 2003; Wallace, 2003) . Great Basin bimodal igneous rocks are broadly characterized by basaltic and rhyolitic endmember compositions. Ages and compositions of the bimodal suite, however, vary in age and composition across the Great Basin Province. They include ages and compositions of 22 Ma to Holocene high-silica and high fl uorine topaz rhyolites (Christiansen et al., 1986 ), 14-17 Ma peralkaline to tholeiitic volcanics and intrusions, and Neogene alkali basalts. The younger eruptives (3) (4) (5) (6) (7) (8) (9) (10) (11) are mostly alkali-olivine basalts (Leeman and Rogers, 1970) .
Information on bimodal igneous rocks was retrieved and organized from legacy U.S. Geological Survey geochemistry data archives (Granitto et al., 2005) and from published professional and academic sources. Most of the information compiled is from bimodal igneous rocks along the Northern Nevada Rift (NNR). In the latter part of the paper, we demonstrate and use the geologic functions of the database to query, retrieve, and display important timespace-composition relationships between different bimodal igneous features and geophysical anomalies, structural features, and mineral deposits in northern Nevada.
This work was undertaken to help fulfi ll a goal of the U.S. Geological Survey's Metallogeny of the Great Basin (MGB) project to develop a compilation of existing geologic, structural, geochemical, and geophysical data to enhance understanding of the multiple factors that infl uenced mineral deposit formation (Hofstra and Wallace, 2006) .
We anticipate that our GIS-linked database will be used to store additional information on the bimodal suite from surrounding areas as well as information on the other igneous rock suites in the Great Basin for comparison and analysis.
Populated Database Tables and Completeness
The primary database tables that are populated store sample and geochemical analysesrelated information for rocks collected in several areas throughout the study area. While tables such as the HIERARCHY, HIERARCHY_SUMMARY, and IMAGE tables are only sparsely populated, several tables remain unpopulated.
1 Many of the unpopulated tables are from Lehnert et al. (2000) . Additional unpopulated tables were newly designed as placeholders to store data that are commonly acquired for igneous rocks, e.g., PALEOMAG, but are currently unavailable. These tables are also provided as a basis of thought for the types of information researchers may want to populate or modify that may be tailored for a specifi c research purpose. It is the authors' hope that this database will be used and augmented with additional data collected for the bimodal igneous assemblage. Note that, due to size constraints, the Microsoft Access relational database does not appear with this paper. It is saved as: Yager_and_others_database.zip and can be found at ftp://rock. geosociety.org/ books/Yager/.
Database Design

Conceptual Data Model
The conceptual design identifi es the logical complement of all data and data types that will assure our database will be used and useful for geoscientists, e.g., sample location, historical references, rock type, and rock age. Three design elements are particularly germane to our relational database: (a) geo-hierarchy, (b) absolute ages, and (c) relative ages. We use geo-hierarchy to organize information that pertains to any scalable geologic or geographic physical feature. Such features are modeled in GIS as points, lines, polygons, and images. These features and their associated attributes are compiled in the relational database. Below, we show how GIS is used to assign database attributes to a geohierarchy feature and how GIS and SQL queries are used to retrieve a feature's relative age.
GEO-HIERARCHY
Earth scientists develop their interpretations of a geologic problem from lab-and fi eld-based observations on geographic areas, geologic features, events, and processes that span a wide range of scale within a time-space framework. We use the general term geo-hierarchy to describe such features as a function of scale in a time-space framework. Geologic features can be thought of in terms of a telescoping scale of observation, from large to small areas of interest, or vice versa. While this is not a new concept to geologists, it is new to earth science databases that commonly do not store this type of information. The data pertaining to different parts of the geo-hierarchy are analogous to the different parts of a tree and are categorized accordingly. Coarse resolution data (e.g., large geographic area or large geologic feature) are the root of the geo-hierarchy; progressively fi ner examples of large igneous provinces include the subduction-related Western andesite province and the mantle plume-related bimodal basalt-rhyolite province (Fig. 2) . Mantle plume impingement at ca. 17 Ma resulted in eruption of the voluminous Steens and Columbia River continental fl ood basalts that cover an area greater than 160,000 km 2 in Idaho and Oregon (Pierce and Morgan, 1992; Hooper, 1997) .
Large Volcano-Tectonic Features
The Northern Nevada Rift (NNR) is a longitudinally continuous, structural and igneous feature in the MGB study area. It is outlined by western and eastern magnetic anomalies, rather than by a single, linear magnetic trend, and it extends for as much as 500-600 km from north to south (Figs. 2 and 4) . It is thought to have formed during impingement of a mantle plume, in a resolution data (maps, units, samples, inclusions) correspond to the trunk-limb-branch-leaf. Reference information pertains to all parts of the database (Generalized database schema, Fig. 3) . Examples of such geo-hierarchical features are described below, from large to small.
Very Large Physiographic or Igneous Provinces
In this study, the Great Basin is the largest (500,000 km 2 ) physiographic area of interest in the geo-hierarchy (Fig. 2) . It is bounded by other physiographic provinces: the Cascade Range to the north and west, the Sierra Nevada mountain range to the west, the Snake River Plain to the north, the Colorado Plateau to the east and southeast, and the Sierra Madre Occidental igneous province that extends south into Mexico. Within the Great Basin study area, transtensional stress regime, with consequent rifting of the crust that localized basalt-rhyolite magmatism (Zoback and Thompson, 1978) . Its prominent magnetic expression is exemplifi ed by the eastern (EmagNNR) and western (WmagNNR) limbs of a north-south trending anomaly (Fig. 4) that is inferred to represent magnetic, middle Miocene igneous rocks that have intruded into extensional fractures. NNR-related extensional fractures have localized both bimodal magmatic centers and concurrent epithermal gold-silver deposits (Wallace and John, 1998; John, 2001; Glen and Ponce, 2002; John et al., 2003) .
Volcanic Field
An example of a somewhat smaller igneous feature in the database geo-hierarchy is the Santa Rosa volcanic fi eld (LeMasurier, 1968;  Figure 3. Generalized physical design schema. Detailed schema is in Appendix A. Hart and Brueseke, 2004; Brueseke and Hart, 2008) . The Santa Rosa volcanic fi eld forms part of the Santa Rosa Mountain range, which extends for 120 km from north to south and occurs at the north end of the NNR between the eastern and western NNR magnetic anomalies that are described in Glen and Ponce (2002) .
Caldera. Calderas are examples of smaller features in the geo-hierarchy. The 20-kmdiameter McDermitt caldera, west of the Santa Rosa volcanic fi eld, formed between 15.5 and 16.1 Ma (Conrad, 1984; Rytuba and Mckee, 1984; Zoback et al., 1994; Rytuba et al., 2004; Hales et al., 2005) . The McDermitt caldera represents one of the early silicic calderas that form along the Yellowstone hot spot track (Pierce and Morgan, 1992; Zoback et al., 1994) .
Unit. Ignimbrite cooling units, individual dikes, and fl ows that can be mapped or correlated within volcanic fi elds or traced to caldera sources represent yet fi ner resolution data. An example is a correlative ash fl ow tuff erupted from the McDermitt caldera.
Sample. The fi nest resolution data stored in the database is for information on hand specimens and subsamples. For example, whole rock chemical analyses of samples from a McDermitt caldera eruptive unit show that it is peralkaline in composition and the redox state of the magma can be elucidated by electron microprobe analyses of Fe-Ti oxide minerals (Fig. 4) .
Assigning Database Geo-Hierarchy Names and Codes Using GIS
A well-populated and clearly coded database enables GIS queries that can select and sort features for comparison within or across geo-hierarchies of interest. Conceptually, perhaps the best way to visualize how a GIS links attributes to features at various scales is with the simple graphic in Figure 5 . This nested Boolean relationship depicts how small features inherit attributes from progressively larger features in the geo-hierarchy. At the same time, each feature in the geo-hierarchy typically has its own unique set of attributes.
The stepwise approach depicted in Figure 5 is used to defi ne and assign attributes to the various smaller or larger parts of the geohierarchy. Initially, existing digital and printed geologic and geophysical maps are compiled and used to delimit the bimodal suite of igneous rocks and their geophysical expression in the MGB study area. Source data for the geo-hierarchy is from published hardcopy and digital data (Stewart and Carlson, 1978; Wallace, 1993; John and Wrucke, 2002; Glen et al., 2004; Crafford, 2007) . Geo-hierarchy names are then assigned to the representative parts of the nested data-polygons: (HIERARCHY_ LEVEL_NAME) and hierarchy level number (HIER-ARCHY_LEVEL_NUM) codes. The GIS ArcInfo "IDENTITY" command joins attributes of point and polygon features with attributes from polygons that represent features of multiple scale in the geo-hierarchy. Once features are fully attributed, GIS queries can be used to select and sort information pertinent to individual features on the basis of their position in the geo-hierarchy. This facilitates comparisons between similar-sized igneous features and provides context for a sample contained within a larger feature of interest.
Assigning Attributes from Interpretive External Digital Data Sets
The same Boolean GIS intersection approach described above can be used to attach attributes to features from external interpreted GIS data sets. One such data set contains interpretations of NNR geophysical data (Glen et al., 2004) (Fig. 6 ). This data set permits geophysical domain descriptions and associated database table attributes to be assigned to a feature that intersects these domains.
ABSOLUTE AGE INFORMATION
Geologic age information is fundamental data that geologists must be able to retrieve and interpret. Ages are classifi ed into two general categories-absolute and relative. Absolute ages are further subdivided into precise and imprecise determinations with different degrees of analytical uncertainty. Precise dates involve isotopic dating methods with 2σ uncertainties of tens-to hundreds-of-thousands of years.
Absolute ages are straightforward to use in a relational database because a SQL query can select data on a sample or samples representing a specifi c numeric age or age range and can include only precise ages. In this way, ages having large analytical uncertainty can be excluded if more precise data is available.
RELATIVE AGE INFORMATION
Relative ages present a different combination of database and geospatial challenges.
Relative ages are derived from expert interpretations based on observations of stratigraphy, crosscutting relationships, and correlations between geologic features. Our database schema permits storage and retrieval of relative age information (using RELATIVE_AGE_TYPE attributes in the RELATIVE_ AGE table; Appendixes A and B) that draws on long-established geologic methods and concepts that are often missing in earthscience databases.
For example, a fi eld geologist relies on multiple observations at the sample, site, and outcrop scale to determine a feature's relative age. At the outcrop scale, physical observations of weathering tendency, mineral type, habit and abundance, erosional surfaces, and superposition all help a geologist to identify a IV. The result is that the attributes of the sample locality points are joined with attributes of the polygon database, thus affording GIS and database queries for comparing attributes or analyzing characteristics from any table in the geo-hierarchy.
GIS Processing Steps Used in
HIERARCHY_LEVEL_NAME = EMAG_NNR HIERARCHY_LEVEL_NAME = Basaltic_andesite
HIERARCHY_LEVEL_NUM = 1150 HIERARCHY_LEVEL_NUM = 150
Eastern magnetic expression of the NNR polygon Basaltic andesite Tha unit Polygon Sample locality points from Tba unit ("Basaltic Andesite") Figure 5 . Conceptual example of how GIS is used to assign geo-hierarchy attributes to physical features. Once attributes are joined to the sample locality point, line, or polygon features facilitate, these features can be queried for comparison within same or between geo-hierarchies.
unit that may be correlative to a unit of known age that crops out elsewhere.
Relative ages can be assigned in the fi eld if absolute ages exist for a unit for which there is good regional correlation. Radiometric age determinations on regionally deposited tephra can place maximum age constraints on overlying units (Anders et al., 2009) . When radiometric dates are lacking, paleomagnetic analysis, mineralogy, petrographic observations, and geochemical characterization can provide some constraints on stratigraphically adjacent units. In addition, absolute ages may be available on one or more intrusions. A relative age can be assigned to undated intrusions in a shared area that are of the same mineralogy, composition, and structural setting as compared to the dated intrusions. The confi dence level on the relative age assignment for an undated intrusion can be noted in the database.
Additionally, crosscutting relationships involving igneous rocks are clearly important to determining relative ages in some areas. Igneous dikes, plugs, and intrusions are younger than everything they crosscut. In the case of dikes and plugs, the features might be mapped from volcanic feeder vents to coeval fl ows. In this example, there may be an absolute dike age, but the units that the dike cuts may be undated. A dike age brackets the relative predike, minimum age for all units intruded by the dike. Thus the identifying characteristics and geologic fi eld relationships used to interpret a feature's relative age can be indicated in the database by using attributes that describe how a relative age was determined, provide an estimated numeric age range, and include a description of the certainty of the determined age. Figure 7 is a conceptual example of how our relational database can utilize relative age information. The physical relationships between geologic units defi ne relative ages when fundamental principles of geology are applied. One approach is to use a sequence number that is part of an age table. In this schema, each feature has a unique OBJECT_ID and place in a geo-hierarchy. Lower sequence numbers (SEQUENCE_NUM) are the oldest, and higher numbers are the youngest. The SEQUENCE_NUM requires related attributes that describe how an age of a volcanic unit was assigned, e.g., geologic correlation by an expert in the fi eld, superposition, crosscutting relationship, or contact relationship.
Sorting and Displaying Geo-Hierarchy and Age Information in GIS
Name and numeric code attributes are attached to features in GIS or in database tables to enable co-related data to be selected from various levels of the geo-hierarchy. A sequence number as part of the RELATIVE_AGE table, discussed further in the Physical Data Model section below, permits sorting based on geologic age. Expert interpretations along with absolute age information stored in the database allow the database user to establish how an age was determined and what analytical uncertainty may be associated with an age.
In a practical sense, this information can be used to link relative ages to geo-hierarchy features. For example, GIS map data representing sites, samples, lines (contacts or faults), and unit polygons can be linked via spatial join-items directly to the relational database or to tables derived from database queries. Each feature in the relational database has a unique OBJECT_ID that can be used as a relational join-item to link all co-related attributes in the database with absolute or relative age. Once the relationships among geo-hierarchy and age are populated in the database, features of interest that are part of a volcanic fi eld, caldera, stratigraphic section, unit, or sample can be queried and displayed so that each has an associated absolute or relative age. The result of the query can be used to retrieve GIS features or data in the database that are part of a volcanic sequence. A sort function, commonly available in spreadsheets and in a GIS database, can be used to sort by the attribute SEQUENCE_NUMBER to select or display features in a relative age sequence. 
Updating Relative Ages and Sequences
The database requires additional functionality to update object ages and sequence numbers as new geologic information is acquired. Updateable table fi elds OLDER_ID and YOUNGER_ ID are added to store the OBJECT_ID that places constraints on adjacent older or younger objects (Fig. 7) . Visual Basic software code is used to extrapolate the RELATIVE_AGE_MIN and RELA-TIVE_AGE_MAX, minimum and maximum age fi elds for each unit, by following the YOUNGER_ID and OLDER_ID links, recursively if necessary, to dynamically populate these table fi elds. Updated sequence numbers can then be assigned also using Visual Basic code. Some errors in analysis, e.g., RELATIVE_AGE_MIN > RELATIVE_AGE_MAX, also can be detected by this code.
Physical Data Model
The Physical Model or the actual design of a database specifi es how database records are stored, accessed, or related according to requirements established during the conceptual design phase. We use it to assign detailed database table headings, to populate attribute tables and records, to map relationships between logical attributes, to store and retrieve data from physical addresses, and to match the physical geohierarchy with logical attributes like tables and records. It has two components: the basic logical design and the entity relationships. The logical design identifi es all data needs (e.g., geohierarchy, absolute and relative ages, images, and numeric and text formats) and also any relationships developed during the conceptual design phase. The entity relationship diagram maps and links these logical design units using well-established cardinal rules (Ambler, 2003) that assign one-to-one, one-to-many, many-toone, or many-to-many relationships between the relational database attributes.
Our complete entity relationship diagram is in Appendix A. The defi nitions that defi ne entity relationship logical attributes are in Appendix B. The schema used for geochemical data storage and retrieval is modifi ed from Lehnert et al. (2000) ; however, we developed additional database entities and relationships to manage data and information for geo-hierarchy and relative age relationships, mineral modes from point counts, stratigraphic column data, interpreted and modeled data, volcano-tectonic local and regional structures, environmental rock properties, images, and hierarchy summary reports. Data are grouped into seven major data categories or modules: (I) References and data sources, (II) Images, (III) Hierarchy, (IV) Data batches, method, and quality, (V) Unit or Region, (VI) Rock, and (VII) Mineral modules ( Fig. 3 and Appendix A).
The following paragraphs describe the key attributes and relationships between modules in our Physical Model. Table headings are in small bold capital letters and attributes are in small capital letters and italicized. Relational joinitems in database tables are in bold.
I. REFERENCES AND DATA SOURCE MODULE
At the root of our database schema is the references and data source module developed by Lehnert et al. (2000) . We found this schema to be effi cient, and we incorporated it to populate and store reference and data source information. This module includes names of scientists who contributed data and their contact information, as well as published references. The attribute reference number (REF_NUM) is used to link several tables where reference information is applicable to this part of the database.
II. IMAGES MODULE
Images are accessed from a generic IMAGES 
III. HIERARCHY MODULE
Hierarchy Table
The hierarchy module can be thought of as the main trunk of the database, to which all entities can be linked on the basis of geo-hierarchy kinship. Each data point, polygon, site, and image is assigned either by GIS analysis or physical database attribution to one or more geo-hierarchies. Each feature representing a geo-hierarchy in the HIERARCHY table (Fig. 8) Within the relational database, features of various scale (site, unit, sample) are assigned a unique OBJECT_ID, as well as a sequence number (SEQUENCE_NUM) that form a compound database key. This compound key can be used to retrieve information on a features absolute or relative age. In this hypothetical sequence, basement rocks (1) were intruded by an igneous plug (2). A fault cuts the basement rocks (event 3). Mineralization (4) then formed along both the fl owpath created by faulting event (3) and along the margins of the intrusion (2). An erosional unconformity (5) occurred post faulting. Later, an ash-fall was deposited on top of the unconformity (6). A volcanic fl ow (7) was then deposited followed by intrusion of a dike and vent complex (8). This volcanic complex was then offset by Basin and Range normal faulting (9) followed by ash-fl ow deposition (10). Based on interbedded contact relationship, sedimentation (11) was contemporaneous with basaltic igneous dike injection (12) . The fault may be a reactivated early Basin and Range fault because syntectonic sedimentation (13) (Lehnert et al., 2000) .
V. UNIT OR REGION MODULE
The tables in the unit or region module store attributes useful in characterizing regional features or properties of geologic units.
Paleomagnetic Data
Paleomagnetic data are acquired to address questions that may be relevant at the unit or regional scale. Paleomagnetic data provide information that is useful for correlation of on those described in Mineral Deposit Models (Cox and Singer, 1986) and include, for example, hot springs Au-Ag, epithermal vein Au-Ag, and porphyry-Cu deposits. These attributes aid in evaluating the relationship between the bimodal suite of rocks and mineral deposits.
Hierarchy Summary Table
The HIERARCHY_SUMMARY table provides summary attributes populated by experts or populated on the basis of database queries, GIS analysis, and subsequent database upload. The current HIERARCHY_SUMMARY table attributes listed are important to the age, distribution, volume, chemical and physical origin, and composition of the bimodal igneous suite of rocks, as well as their relationship to hydrothermal mineral deposits (Fig. 9) . The report table can be modifi ed to meet the specifi c needs of geologists working on different problems.
IV. DATA BATCHES, METHOD, AND QUALITY MODULE
How Sample Geochemical Data Is Managed
The method used to store analytical data developed by Lehnert et al. (2000) has been rearranged and modifi ed to fi t our hierarchical tree structure while preserving its functionality. Four tables are included in this module: SAMPLE, BATCH, ANALYSIS, and CHEMISTRY. Geologists submit samples in "jobs" or "batches" for analysis by various methods (rare earth elements, trace elements, major elements, and isotopes). The key database relationships between a unique sample number (SAMPLE_NUM in the SAM-PLE table) to a batch number (BATCH_NUM) and related analysis number (ANALYSIS_NUM) defi ne the element measured and its analytical result VALUE (in the ANALYSIS_QUANTITATIVE table). These relationships permit multiple analytical parameters to be selected using a SQL query for individual or multiple samples. The entities "METHOD" and "DATA_QUALITY" are included to provide information on the type of method used regionally deposited igneous units and for determining magnetic declination and inclination that can illucidate postdepositional tectonism, e.g., tilting. The PALEOMAG table (Fig. 11 ) used in this database is modeled after the attributes found in Rosenbaum et al. (1995) and the Ocean Drilling Program (ODP) Janus database (Richter et al., 2007) .
Relative Ages
A simple approach is used to manage relative age information. We leverage use of the unique OBJECT_ID in the database, that is linked to GIS objects (e.g., polygon, stratum, unit) or line (fault, fold axis, joint). The OBJECT_ID attribute enables a sequence number (SEQUENCE_NUM) to be applied using the long-established set of geologic rules for determining the relative age of features in the fi eld or by interpretation of geologic mapping, isotopic age, fossil, or other determinations in the offi ce, as discussed in Figure 7 . Attributes in the RELATIVE_AGE table defi ne how an age was assigned and give the minimum (RELATIVE_AGE_MIN) and maximum (RELATIVE_AGE_MAX) age range (Fig. 12) . If an age is assigned by an earth scientist, the RELATIVE_ AGE_EXPERT fi eld stores the expert's name that made the interpretation. In addition, the code representing the type of relative age determined is stored in the RELATIVE_AGE_TYPE fi eld.
Our database captures expert knowledge regarding the multiple ways that relative age information can be assigned. In addition, if an expert interpretation on the relative age of a feature is lacking, GIS analysis can sometimes be used to bracket the relative age of an object with the aid of existing digital geologic map data, as was done by Crafford (2007) . In this way, relative ages can be applied to features of uncertain age. A code system was designed to categorize absolute and relative age determinations that are used to populate the RELATIVE_AGE_TYPE attribute fi eld in the RELATIVE_AGE table. The permissive data entries for RELATIVE_AGE_TYPE are indicated in Table 2 and Appendix B.
Igneous Structure and Morphology Information
Data for volcano-tectonic related structural features and unit morphology are managed in three tables. The UNIT_REGIONAL_STRUCTURE table stores observations and measurements for fault strike and dip, dike trend, fl ow foliation, fl ow direction, and other structural attributes. Storage of detailed structural measurements that comprise multiple observations at a site, e.g., cooling joint sets and orientation, can be stored in the STRUCTURE_SITE table. The two structural feature tables UNIT_REGIONAL_STRUCTURE and STRUCTURE_SITE are linked by the attribute sta- tion number (STATION_NUM) and to the HIERARCHY table via the (OBJECT_ID). The attribute location number (LOCATION_NUM) allows retrieval of geographic information about the site where structural data has been recorded ( Fig. 13) .
A UNIT_REGIONAL_MORPHOLOGY table stores morphologic descriptions such as unit thickness, area, and volume, in addition to depositional characteristics that describe a feature's layering and whether the layer exhibits normal or reverse grading. These types of attributes are Figure 11 . PALEOMAG table and associated attributes.
useful to volcanologists when making interpretations about eruption dynamics and processes.
Interpreted Environmental Information
Two tables, within the Region or Feature module, INTERPRETED_MODELED and ENVIRON-MENTAL_PROPERTIES are used to manage data involving interpretations made from experiments, analysis, or modeling. Figure 12 . RELATIVE_AGE table and associated attributes. The OBJECT_ID is used to link to physical features that are part of the geohierarchy; the sequence number is used to sort features based on relative ages from 1 to n (youngest to oldest).
All interpreted rock properties are applicable to local and regional questions about rock units. The INTERPRETED_MODELED table stores information that petrologists and volcanologists commonly acquire when making geochemical and physical interpretations of how a magma formed by using fi eld observations, petrographic analyses, and computer modeling of mineralogy and geochemistry (Fig. 14) . Interpretations for a unit often involve data collection on one or more samples.
Environmental rock properties are stored in the ENVIRONMENTAL_PROPERTIES table (Fig. 15) . Unit environmental rock property attributes are typically interpretations based on experimentation or analysis. Environmental rock properties can be grouped into four categories: (1) hydrologic, (2) acid generating and neutralizing capacity, (3) soil nutrients, and (4) carbon sequestration. Rocks with particular attributes can be identifi ed that would enhance or diminish the environmental impacts of past, current, or future anthropogenic activities in the area.
Hydrologic Properties
Igneous rocks are important for their potential as either freshwater aquifers or as aquitards that focus groundwater fl ow. While mapping volcanic stratigraphy, springs are frequently identifi ed in the fi eld at contacts between fl ows or volcanic layers. Documenting the location, along with the overall distribution of seeps and springs, is important information to those interested in identifying water resources for municipal, agricultural, or industrial use. 
Acid Generating or Neutralizing Properties
Propylitic-alteration of igneous rocks can introduce a secondary, acid neutralizing mineral assemblage (calcite, chlorite, and epitdote) (Yager et al., , 2008a . While historically overlooked, this environmental rock property (if known) could be a useful physical characteristic to include in the database, especially to mine planners who will use this information to help mitigate acid mine drainage issues prior to a mine's startup. Rocks identifi ed as having a high acid neutralizing capacity can be used as an amendment to mine waste during active mining, thereby limiting the after-thefact remediation approach frequently used for mine cleanup. Land managers can also use this information during the remediation phase of a project to ameliorate acid mine drainage with local source rocks that have a high neutralizing capacity.
Soil Nutrients
Soil provenance can also be useful to consider from an agricultural standpoint. This is true because many agriculturally rich soils throughout the world were originally derived from the weathering of intermediate to mafi c composition igneous rocks that have high abun- dances of elements (Ca-Mg-Al-Fe-P), which are important for healthy soil development. Biologic communities (Al-humus) have been shown to be enhanced in soils derived from the weathering of andesitic rocks (Rasmussen et al., 2005) . We provide several attribute placeholders to permit characterizing the weathering and nutrient potential of igneous rocks.
Carbon Sequestration
Intermediate to mafi c composition, igneous rocks that contain magnesium silicate-bearing mineral phases can have a high potential to sequester CO 2 (Wilson et al., 2005) . With increases in atmospheric CO 2 occurring, especially in the past 100 years, database attributes involving the carbon sequestration potential of rocks' units are important to include. The carbon sequestration potential from either carbon capture and storage (anthropogenic) or sequestration that occurs through natural weathering processes in both undisturbed and in reclaimed lands that involve mine waste need to be considered (Yager et al., 2007 (Yager et al., , 2008b .
Stratigraphic Section
The STRATIGRAPHIC_SECTION table stores attributes of generalized or measured sections (Fig. 16 ). Database attributes include placeholders for minimum and maximum age range and stratigraphic column comments or descriptions. The attribute location number (LOCATION_NUM) links stratigraphic column information to the LOCATION table where geographic and physical details of the site where stratigraphic information was collected can be queried.
VI. ROCK MODULE Sample Table
The primary goal of the SAMPLE table is to capture complete descriptions of igneous rock samples (Fig. 17) . The primary mineralogy, grain size, texture, and secondary alteration of igneous rock samples are captured in this table and enable rock unit characterization. See Appendix B for descriptive attributes of samples.
Location Table
A location table stores geographic and physical attributes about a site where data has been collected ( Fig. 18 ). While this table mainly pertains to sample data, it also is linked to IMAGE, STRUCTURE_SITE, PALEOMAG, and STRATI-GRAPHIC_SECTION tables.
VII. MINERALS MODULE
Mineral Mode Table
The MINERAL, MINERAL_MODE, and INCLUSION tables represent additional "leaves" in the hierarchical tree structure and are some of the fi nest resolution data stored.
Although no modal analyses on bimodal igneous rocks have been determined by petrographic analysis (point counting), we provide a placeholder for rock modes because such data is frequently generated for other igneous suites and because igneous rock databases commonly report these types of data. The MINERAL_MODE table is designed to store this information. Modal data is accessed by a unique combination of SAMPLE_NUM and ANALYSIS_NUM attributes after the design schema of Lehnert et al. (2000) . 
Tables Spanning the Rock and Mineral Modules
Five tables (ISOTOPIC_AGE, CHEMISTRY, XRAY-DIFFRACTION, STANDARD, and FRACT_CORRECT) are applicable to data collected from both rocks and minerals (Appendix A, Fig. 20 ). Isotopic ages are retrieved on specifi c samples via the relational join-item sample number (SAM-PLE_NUM) that is co-related between the ISOTO-PIC_AGE and SAMPLE tables. Geochemical data is queried in a similar fashion using the sample number (SAMPLE_NUM) attribute and the schema example shown in Figure 10 . Most X-ray diffraction data for igneous samples are acquired on rocks. However, there is also single-crystal X-ray diffraction data on minerals. The STAN-DARD table from Lehnert et al. (2000) lists standard values for items measured with the same data quality as analyses for samples that have the same DATA_QUALITY_NUM. The fractionation correction table (FRACT_CORRECT) also from Lehnert et al. (2000) lists the isotopic ratios used for fractionation correction.
Database Applications
As mentioned previously, our goal is to provide earth scientists with a GIS-linked relational database with geologic tools to help expedite the research process. In this section, we provide examples that show how our relational database can facilitate petrogenetic research by allowing one to compare and contrast both analytical and interperative data sets.
GEOCHEMICAL COMPARISONS
The following examples demonstrate the database utility in evaluating geochemical variability of bimodal volcanic rocks in different parts of the NNR, and in the eastern Great Basin Province. Rocks chosen for comparison highlight compositional differences of magmas that formed in association with distinct mineral deposit types.
SQL database queries were used to create data sets that were imported into the petrologic software, IgPet, to display geochemical trends. The data plotted within the NNR region includes: (a) northern Shoshone and southern Sheep Creek ranges east of Battle Mountain in the EmagNNR (John et al., 2003) , (b) Ivanhoe mining district on the east side of EmagNNR in the Carlin trend (Wallace, 2003) , and (c) Seven Troughs volcanic fi eld located near Lovelock, Nevada, in the WmagNNR (Hudson et al., 2005) . Data plotted for the eastern Great Basin Province includes: (a) topaz rhyolites of the Thomas Range and Spor Mountain, which have associated large ion lithophile element (Be-Li-F-U-Cs) mineralization, and Wah Wah Mountains (Christiansen et al., 2007; Christiansen et al., 1984) ; (b) rocks associated with the Pine Grove porphyry, molybdenum-tungsten-tin system (Keith, 1982) ; and (c) Marysvale volcanic fi eld (Cunningham et al., 1998 ) (see Fig. 21 ).
Rocks in the comparison areas nearly bracket the entire time span of Great Basin Province bimodal volcanism. Volcanic rocks from the north- (Hudson et al., 2005) . Ages reported for topaz rhyolites in the eastern Great Basin Province are 13-22 Ma for Spor Mountain and Wah Wah ranges, and 6 Ma for the Thomas Range (Christiansen et al., 2007; Christiansen et al., 1984; Lindsey, 1982) . Pine Grove rocks are represented by 18-24 Ma mafi c fl ows, granitic intrusions, rhyolite fl ows, and tuffs (Keith, 1982) . Marysvale igneous rocks vary considerably in composition and age, as indicated by the early, 21-22 Ma mafi c, K-rich lavas; 14-19 Ma Mount Belknap dacites and rhyolites; and the late, 0.5-9.1 Ma basalts and rhyolites (Cunningham, 1998) .
Rock Classifi cation Diagrams
Classifi cation diagrams are useful for determining the compositional variability of NNR and eastern Great Basin Province rocks. Data distribution for these rocks shown on the traditional Le Bas et al. (1986) Most rocks are subalkaline using the Irvine and Baragar (1971) classifi cation, with the exception of early, 22 Ma, potassium-rich basalts and intrusive rocks, and late alkali basalts in the Marysvale volcanic fi eld (Fig. 23 ). Intermediate composition rocks that formed along the NNR have medium to high potassium, based on the classifi cation of Gill (1981) (Fig. 24 ). In contrast, the intermediate composition rocks of the Marysvale volcanic fi eld are all classifi ed as having high potassium (Fig. 24 ).
Compositional Variation Diagrams
Compositional variation diagrams were constructed using major-and trace-element database queries for NNR and eastern Great Basin Province rocks. Major-and trace-element versus silica variation diagrams are shown in Figures (Fig. 31B) . As new analytical data is added to the database, including isotopic data sets that augment existing major-and traceelement data, new interpretations may be possible that describe the magmatic evolution of rocks that are broadly classifi ed as being part of the bimodal igneous assemblage. 
Hierarchy Summary
Using a HIERARCHY_SUMMARY (see Physical Data Model, hierarchy module section above) referenced with specifi c HIERARCHY_NAMES or HIERARCHY_NUMBERS, a researcher can retrieve summaries about a geologic feature or province of interest, display published maps, select and compare data for several volcanic centers, and query information at multiple physical scales and from various geographic centers or regions. The HIERARCHY_SUMMARY table includes a synopsis from published literature sources that capture researchers' knowledge by storing invaluable expert insights and interpretations. HIERARCHY_ SUMMARY tables are populated by either compiling interpretations from published literature, or by constructing database queries that are used to update the summary reports. These reports facilitate geologic feature and province comparisons and help identify data gaps to be fi lled in order to complete an interpretation.
To demonstrate the utility of HIERARCHY_ SUMMARY tables, we have populated the tables with data from four areas in or adjacent to the Great Basin for: (1) NNR basalt, trachydacite, and rhyolite in the MGB study area (John et al., 2003) ; (2) Snake River Plain basalt along the "Great Rift" (Reid, 1995) ; (3) topaz rhyolites in or near the Transition Zone (TZ) between the Colorado Plateau and the Great Basin Province; and (4) alkali basalts that erupted in the Northeastern Transition Zone (NETZ) along the western margin of the Colorado Plateau in northern Arizona and north into west-central Utah (Kempton et al., 1991) . The results for the four hierarchy reports are compiled in Table 3 . Figure 21 shows the geographic locations of the areas summarized in the hierarchy reports. These types of data summaries could be a useful method to track iterative geologic interpretations and provide a placeholder to store data updates that would normally require extensive traditional data archive retrieval and literature research.
Bimodal Map Units and Epithermal Au-Ag Deposits
GIS data layers in Crafford's (2007) 1:250,000 scale map delineate geologic units that comprise the bimodal assemblage (Fig. 35) . These data were analyzed using simple GIS functions to determine the area of each unit in the MGB study area and identify the metallic mineral deposits that occur within bimodal unit polygons. Figure 35 identifi es the area for each bimodal unit. The total area for all eight bimodal units in the MGB study area is 12,793 km 2 . Four units (Tba, Ta3, Tbg, and Tr3) comprise 96% of the bimodal assemblage. Of the bimodal units in the MGB study area, Tr3 and Tba were found to contain most of the metallic mineral deposits.
These data suggest that units Tba and Tr3, while representing the largest area of all bimodal map units in the MGB study area, are possibly the most favorable mineral exploration targets. One other unit, Tri, coincided with a metallic mineral deposit. Unmapped magmatic centers are mentioned in the descriptions for the Tba and Tr3 units. While there is only direct overlap of one epithermal Au-Ag deposit with an intrusion, detailed studies show that other deposits are spatially and temporally related to intrusions or magmatic centers in northern Nevada (Hofstra and Cline, 2000; John et al., 2003) .
This example demonstrates the potential benefi ts of using GIS analysis to quickly identify the small-scale (large-area) regional map units that are favorable epithermal Au-Ag deposit targets and would aid in focusing on areas requiring large-scale geologic maps for additional detailed analysis. Future, more detailed analysis that investigates the association between bimodal igneous centers and mineralization would benefi t by integrating derivative data sets produced during comprehensive mineral resource assessments (Wallace et al., 2004) . GIS analysis of features stored in our relational database could be used to further evaluate the spatial relationships between areas having favorable metallic mineral potential such as those identifi ed in Mihalasky and Moyer (2004) and bimodal magmatism.
SUMMARY AND CONCLUSION
There are many database designs currently available to store data for igneous rocks. Our primary goal was to add additional functionality to such a database that we recognize as important in addressing geologic problems. We chose the relational database design platform because it adds functionality to database queries that are mostly lacking or cumbersome in traditional fl at fi le spreadsheet formats. In addition, our database provides a way to store information on features having a geo-hierarchy of scale. The design schema has the capability to capture and store relative age information that was determined by geologic expertise or by GIS analysis and that may be linked to geo-hierarchys through a unique object_id and sorted by age using a sequence number. The database permits retrieval of multiple data formats that are important for geoscientists to access. Stored images include cross sections, maps, outcrop photographs, and thin section photomicrographs that may be queried and downloaded for display in third-party software. Our new design elements allow for a geoscientist to interact with the database in ways that are similar to how they might address a research question by more traditional means using hardcopy archives. We welcome participation and future collaborative efforts to build on database design and ideas presented in this paper and to add new data for the bimodal suite of igneous rocks as it becomes available. 
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